Abstract: Contaminated soil remediation with plasma is a new and little explored method. Thus, the aim of this study was to investigate thermal water vapor arc plasma suitability to remediate soil polluted by petroleum hydrocarbons (diesel). Also, the impact of different initial pollutant concentrations was investigated. Scanning electron microscopy (SEM) data showed that soil surface morphology depends on diesel fuel concentration in the soil. Results obtained with energy dispersive X-ray spectroscopy (EDS) indicated that carbon content in soil decreased after the treatment process and became similar to the carbon content in the clean soil. Furthermore, the measurements taken with gas analyzer revealed the thermal water vapor arc plasma suitability to remediate contaminated soil as well as generate by-product-synthesis gas (H2 + CO). It was observed that the amount of generated synthesis gas depends on the soil moisture content.
Introduction
Soil contamination by petroleum-based fuels is considered as a serious environmental problem. Petroleum hydrocarbons (diesel, heavy oil, etc.) strongly adsorbs and remains in the soil, consequently it is difficult to remove them from the soil [1] . Therefore, the treatment of these pollutants is required. Although numerous soil remediation methods based on biological, physical, chemical, physicochemical and thermal processes exist [2] , all of them have disadvantages due to long treatment periods of time, usage of chemical reagents, generation of second pollutants, and they cannot meet the requirements of high-efficient and rapid remediation [3] . Meanwhile, plasma technologies did not suffer from these drawbacks. Nevertheless, contaminated soil remediation with plasma is a new and little explored method. Therefore, the aim of this experimental research was to investigate thermal water vapor arc plasma suitability to remediate soil polluted by diesel fuel. The impact of different initial pollutant concentrations was investigated.
Methodology
Dry soil samples were artificially contaminated by diesel fuel at three different concentrations: 80 g/kg, 120 g/kg and 160 g/kg, respectively. The remediation of the polluted soil with water vapor plasma was performed under atmospheric pressure for ~30 min. The power of the plasma torch was 56 kW at the water vapor flow rate of 3.8 g/s, current (160 A) and voltage (350 V). The operating mean temperature of plasma stream was ~2800 K. A simplified scheme of the plasma-chemical reactor used for the remediation of the soil polluted by diesel fuel is shown in Figure 1 .
Soil characterization was done before and after remediation with water vapor plasma. The surface morphology and the elemental composition of the clean, polluted and plasma treated soil were investigated by the scanning electron microscopy (SEM, Hitachi S-3400N) and the energy dispersive X-ray spectroscopy (EDX, Bruker Quad 0540), respectively. Multi-component gas analyser (MRU SWG 300) was used to determine gas concentrations which were produced during the interaction between polluted soil and water vapor plasma stream. 
Results and Discussion
Surface morphology of clean soil, soil polluted with different diesel fuel concentrations (80 g/kg, 120 g/kg and 160 g/kg, respectively) and soil remediated with water vapor plasma was investigated by the scanning electron microscopy (SEM) (Figure 2 Elemental composition of clean soil, soil polluted with different diesel concentrations (80 g/kg, 120 g/kg and 160 g/kg, respectively) and soil treated with water vapor plasma are summarized in Table 1 . Elemental analysis by the energy dispersive X-ray spectroscopy (EDS) shows that increasing concentration of diesel (from 80 g/kg to 160 g/kg, respectively), raises carbon concentration from ~5% to ~10.4%, ~15.6% and ~20%, respectively. Moreover, after soil remediation with water vapor plasma carbon concentration decreased to ~4%, ~2.2% and ~3.5%, respectively, and the concentration has become close to the initial clean soil concentration (~5%). Furthermore, during the soil remediation process the concentrations of soil minerals (K, Ca, Mg, Al, Fe, Na, Ti) changed insignificantly. According to Snellings et al. [4] (p. 234) most of the minerals that are presented in the burned sediments not volatilize. Thus some of minerals remain unchanged, some became amorphous or recrystallize to form secondary minerals. Changes of gas concentrations generated during oily soil treatment process are shown in Figure  3 . Significant decrease in oxygen (from ~21% to 1.69-0.75%) and generation of the synthesis gas (H2 + CO) were recorded. Thus, up to ~36.7%, ~44.5%, ~27.5% of synthesis gas and up to ~34.9%, ~15.9%, ~15.3% of CO2 were measured then soil was polluted with 80 g/kg, 120 g/kg, 160 g/kg of diesel fuel, respectively. Hence, diesel fuel was transformed to gaseous compounds such as CO, H2 and CO2 during interaction between polluted soil and water vapor plasma stream. Furthermore, negligible amounts of NO (~0.55%), NO2 (~0.07), SO2 (~0.05) and C3H8 (0.13-0.21%) were obtained in all cases. The synthesis gas generation dependence on the concentration of the diesel fuel in the soil is presented in Figure 4 . As the concentration of diesel fuel increased from 80 g/kg to 120 g/kg, the generation of synthesis gas (H2 + CO) increased from ~36.7% to ~44.5%, respectively. However, a decrease in the formation of synthesis gas is observed at the highest concentration of the diesel fuel (160 g/kg). Consequently, the amount of moisture in contaminated soil affects the decontamination of pollutants. Low moisture content in the soil increases the degradation of pollutants as well as generation of synthesis gas. Nevertheless, a positive effect of moisture is observed up to a certain amount of moisture. Similar effect of the moisture in the soil was also observed by other researchers [5] . 
Conclusions
Scanning electron microscopy (SEM) images showed that the soil surface morphology depended on diesel fuel concentration in the soil. Increasing concentration of the pollutant caused the growing adhesion of soil particles into larger agglomerates. The soil particles became similar to clean soil particles after remediation with water vapor plasma. Analysis performed by the energy dispersive X-ray spectroscopy (EDS) indicated that carbon concentration in the soil after treatment with water vapor plasma has become similar to the carbon concentration in the clean soil. Measurements taken with gas analyzer showed that diesel fuel was transformed to CO, H2 and CO2 during interaction between contaminated soil and water vapor plasma. Furthermore, the amount of generated synthesis gas (H2 + CO) depended on the soil moisture content.
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